Controlled release (CR) formulations can significantly influence the fate of carbofuran in the environment. The influence of three alginate-encapsulated CR formulations compared with the granular formulation (G10 %) on the mobility of carbofuran in sandy clay loam soil and sandy loam soil was investigated. In flooded soil the leaching potential of the three alginate controlled release formulations tested was decreased more than nine times (not more than 3 %) compared with the G10 % (28 %). Most of the released carbofuran was confined to the top 0-5 cm of the soil column followed by the second 5-10 cm layer and the least was found in the fourth section (15-20 cm). The data obtained for a sandy loam soil irrigated by drip irrigation showed that the greatest proportion of carbofuran leached through the columns was from the G10 % (52 %) compared with 3-4 % from CR formulations over a 30-day period. The carbofuran concentrations found in different soil depths showed similar trends to those for the flooded soil. Based on the residue levels recorded within the 20 cm depth, the relative retention ratio of carbofuran in sandy clay loam versus sandy loam soil was 1n2 : 1 for the controlled release formulations and 1n9 : 1 for the G10 %.
INTRODUCTION
One of the major problems in pest control is to ensure that the pesticide formulation type and application technique is in the appropriate location at the correct time. It is evident, that for pesticide application in a flooded system, like a paddy field, conventional application techniques are limited because of the transport of chemicals in these aquatic systems, due to diffusion and adsorption, hydrolytic processes and mechanical displacement by flowing water.
Carbofuran (furadan) is most commonly used in agriculture and forestry as a broad spectrum systemic insecticide, acaricide and nematicide. As a result of its widespread use, air, food, surface water and underground water are contaminated with carbofuran residues and its metabolites (Hallberg 1987 ; Bushway et al. 1992 ; Waite et al. 1992 ) which may affect human health. Carbofuran is highly toxic to humans both by oral and inhalation routes and therefore, may pose a serious threat to those in contact with it in manufacturing and formulating plants or in crop fields (Gupta 1994) . Controlled release formulations of carbofuran, which release the active ingredient over a longer term, offer possibilities of improving its efficacy against pests, while reducing the residues of these chemicals in food crops and in the environment. In this paper we evaluate the merits of different carbofuran formulations for controlling carbofuran leaching rates in two types of soil, sandy clay with flood irrigation and sandy loam soil with drip irrigation.
MATERIALS AND METHODS

Experimental design
Two separate experiments were carried out to examine the mobility and leachability of carbofuran released from controlled release formulations and granular formulation in two different types of soil irrigated by two different irrigation systems. Experiment 1 was carried out on flooded sandy clay loam soil columns (representative of the Nile delta soil). Experiment 2 was carried out on sandy loam soil columns (representative of the newly reclaimed soil) irrigated by a drip irrigation system. The experiments were conducted in a complete randomized block design with four replicates of each treatment.
Controlled release formulations of carbofuran
The alginate-controlled release formulations (CRF) were prepared and their release rate profiles CF5  13n59  63n49  18n12  4n85  CF7  49n84  45n31  00n00  4n85  CF8  75n50  22n60  00n00  4n85 Source : Soltan (1996). determined by Soltan (1996) . Three formulations (CF5, CF7 and CF8) were selected on the basis of their release characteristics for use in this study. The percentage of carbofuran and other components of these formulations are shown in Table 1 .
Tested soil
The chemical and physical characteristics of the soils used in this investigation are shown in Table 2 .
Soil column design and construction
Columns for the leaching studies were constructed from six 5 cm sections of plastic (PVC) pipe (9 cm internal diameter) joined together end-to-end with plastic tape to make a 30 cm high column (Soltan 1991). A Pasteur pipette was inserted through the side-wall of the bottom section to allow the drainage of leachate. Plastic tubing was attached to the pipette with a pinch-cock to control the drainage of leachate. The stopcock was greased to prevent leakage. The entire column was placed on a glass plate and quartz sand was placed in the bottom 5 cm section. Nylon netting was placed on top of the sand and a pad of glass wool was placed above the nylon netting. The sand, nylon netting and glass wool occupied the lowermost 5 cm section of the column leaving the remaining 25 cm section for soil and water. Fine soil previously passed through a 2 mm sieve was added to the top of the netting and gently packed to a height of 20 cm. A filter paper was placed on the top of the soil column. The sandy clay loam soil was flooded by slowly adding a known volume of distilled water to each soil column. The volume of excess water eluted through each column was recorded. The amount of water retained by each column was calculated as the volumetric water content. After the columns were wetted, they were allowed to equilibrate overnight before the carbofuran formulations (CF5, CF7, CF8 and G10 %) at 2n66 mg a.i.\column were placed on the filter paper. The formulations were covered with a 1 cm thick layer of soil.
Experiment 1. Movement and leaching of carbofuran in flooded sandy clay loam soil
Excess water was added to each soil column to give a 3 cm water reservoir, then distilled water was added to the top of the column at 50 ml\day and the same amount of leachate was collected each day. A total of 1500 ml water was added to the column over a period of 30 days. Ten 150 ml fractions were collected by bulking the leachates collected over three consecutive days. Two samples from each replicate were analysed separately to determine the carbofuran residues in the leachate. At the end of the leaching period, each column was divided into four 5 cm sections. Thirtytwo soil samples from each formulation treatment (four soil layersifour replicateitwo samples from each soil layer) were allowed to dry at room temperature for 24 h before extraction and two subsamples from each soil were used for carbofuran determination.
Experiment 2. Movement and leaching of carbofuran in non-flooded sandy loam soil
To simulate the drip irrigation technique used in the field, distilled water was applied to the top of each column at the rate of 38 ml\ 6 h per day. This amount was equivalent to that required by tomato plants during the vegetative period based on rooting depth. A total of 1140 ml water was added to each column over 30 days. Ten 114 ml fractions were collected, each fraction being collected over a 3 day period, and two samples from each treatment replicate were analysed separately to determine carbofuran residues in the leachate. At the end of leaching, each column was divided into its four component 5 cm sections. Thirty-two soil samples from each formulation treatment (four replicateifour soil layersitwo homogenized samples from each soil layer) were allowed to dry at room temperature for 24 h before extraction and two subsamples from each soil were used for carbofuran determination.
Extraction and determination of carbofuran in leachate water
Carbofuran was extracted from water according to the method described by Jinhe et al. (1989) . The water samples, 150 or 114 ml respectively for the two experiments, were adjusted to 0n25  with respect to hydrochloric acid, and extracted in a 500 ml separatory funnel with methylene chloride (3i75 ml). The methylene chloride extracts were combined and dried by filtering through anhydrous sodium sulphate. Then methylene chloride extracts were evaporated in a rotary evaporator to dryness. The residues were dissolved in 5 ml acetonitrile and transferred to a 5 ml volumetric flask before 1 ml was taken for colour development as described by Rangaswamy et al. (1976) .
Extraction and determination of carbofuran in different soil layers
Carbofuran was extracted from different soil layers according to the method described by Nicosia et al. (1991) . Dry soil samples (50 g) for each layer were shaken for 1 h with 125 ml of 0n25  HCl to extract carbofuran residues. Celite was added, the samples were shaken, and then filtered. The filter, celite and soil were extracted again with 100 ml HCl, shaken for 30 min, filtered, and rinsed three times with HCl. The extracts were brought up to a final volume of 400 ml. Anhydrous sodium sulphate (30 g) was added to the extracts in a separating funnel. The samples were then shaken three times with 100 ml methylene chloride. These extracts were combined, passed through anhydrous Na # SO % and evaporated in a vacuum evaporator to dryness. Carbofuran residues were redissolved in acetonitrile, quantitatively transferred to a 5 ml volumetric flask using 5 ml acetonitrile, then analysed for carbofuran colorimetrically as described by Rangaswamy et al. (1976) .
Statistical analysis
A separate analysis of variance was calculated for the overall mean of percentage carbofuran leached over the 30 days, for the individual 3 day periods, for the overall means of percentage carbofuran movement for each soil tube and for the individual depths for each soil type. The pattern of leaching for the CRF treatments was very different from that for the G10 % treatment therefore the standard error for G10 % treatment was calculated separately from the standard error for CRF treatments. The two degrees of freedom between the three CF treatments were split into linear and quadratic trend effects assuming that the effects of the CRF treatments were evenly spaced relative to the sodium alginate concentrations. The linear and quadratic mean squares were then tested separately and independently using an F-test. Approximate standard errors for the relative leachability and retention ratios on both soil types were estimated for each treatment using a Taylor series approximation method (Stuart & Ord 1987) . All statistical analysis was made using Genstat 5 (Payne et al. 1993) 
RESULTS
The linear trend effects of the three CRF treatments (CF5, CF7 and CF8) for the percentage carbofuran leached on each individual day and for the percentage found at any particular depth of the soil column treatments for both soils, assuming evenly spaced sodium alginate values, were significant at P 0n05. The linear trends between the three treatments for the percentage overall mean carbofuran found within the top 20 cm of the soil column treatments and for the percentage overall mean leached over the 30 days were highly significant (P 0n001). There were no significant quadratic trend effects (P 0n05) between the three CRF treatments (CF5, CF7 and CF8) for any of the measured variates. 4n86  5n19  6n51  5n52  0n183  2n21  0n131  5-10  2n29  2n68  2n87  2n61  0n155  1n70  0n090  10-15  0n77  1n04  1n30  1n03  0n122  1n17  0n042  15-20  0n51  0n77  1n04  0n77  0n071  0n91  0n072  Mean  2n10  2n41  2n93  2n48  0n076  1n50  0n042 * ..
"
, standard errors of CF5, CF7 and CF8. † ..
#
, standard errors of G10 %.
Carbofuran leaching in flooded sandy clay loam soil
Distinct differences were observed in the leaching patterns of the formulations investigated. The carbofuran residue concentration in the leachate from the flooded sandy clay loam soil treated with the G10 % peaked 3 days after treatment. The amount then gradually decreased with time and reached a minimum detectable amount (0n078 %) 21 days after treatment (Table 3 ). In contrast, the carbofuran residue levels in the leachate from the soil columns treated with the controlled release formulations (CRF) increased slowly during the first 9 days. Thereafter, the amount of carbofuran that leached through the columns was almost constant up to 21 days after carbofuran application. The amount then decreased slowly until the experiment ended.
Data in Table 7 show that the highest proportion (28 %) of the applied carbofuran was leached from the G10 % column over the 30-day period. In contrast, only 2n1, 2n6 and 3n1 % of the applied carbofuran was leached from the CF5, CF7 and CF8 columns, respectively, over the same period. Generally, the carbofuran released from the CRF treatments linearly in proportion to the amount of sodium alginate and decreased linearly in proportion to the kaolin content. Consequently the greatest proportion of carbofuran leached through the soil columns was from the CF8, followed by CF7 with the smallest proportion from CF5. Table 4 shows that most of the released carbofuran was confined to the top 0-5 cm section of the soil column, regardless of which formulation was used and that the proportion of carbofuran decreased 0n29  0n24  0n022  7n67  0n079  6  0 n23  0n28  0n31  0n27  0n018  12n89  0n073  9  0 n31  0n30  0n30  0n30  0n042  18n49  0n057  12  0n29  0n31  0n38  0n33  0n028  9n14  0n054  15  0n37  0n38  0n37  0n38  0n020  2n83  0n053  18  0n36  0n43  0n53  0n44  0n055  0n84  0n044  21  0n38  0n53  0n54  0n48  0n046  0n15  0n017  24 gradually with the depth of soil column. The percentage of carbofuran in the top layer of soil was greatest for CF8 (6n51 %) followed by CF7 (5n19 %), then CF5 (4n86 %) and the smallest proportion was from the G10 % (2n2 %).
Carbofuran distribution in flooded sandy clay loam soil
A similar profile was seen at the deeper layers for the three CRF compounds but with decreasing amounts at increasing depth. The amount of G10 % also decreased with depth but at a slower rate than for the CRF compounds. At 15-20 cm depth the G10 % carbofuran percentage was similar to that for CF8.
The amount of carbofuran found within the top 20 cm soil column treated with CF5, CF7 or CF8 were 8n43 %, 9n68 % or 11n72 % of the original amount applied, respectively. The relationship between the amount of retained carbofuran in the top 20 cm soil layer is approximately linear and increases in proportion to the sodium alginate content of the CRF treatments. The amount of carbofuran in the top 20 cm soil layer for G10 % was 5n98 % and was only about half the amount found with CF8 (Table 8) .
Carbofuran leaching in non-flooded sandy loam soil
The residue concentrations in the leachate water from the soil column treated with the G10 % was higher than those in the leachate water from the soil columns treated with CR formulations between 3 and 18 days after application (Table 5 ). The carbofuran residue from the G10 % treatment reached the maximum concentration (18n49 %), 9 days after application. The amount then decreased rapidly with time and reached minimum amount at 21 days (0n15 %) with none detectable after 21 days.
By contrast, the amount of carbofuran in the leachate water from the soil columns treated with controlled release formulations (CRF) slowly increased with time and appeared to reach a maximum between 24 and 30 days. At 24 days after treatment the percentage of the original amount of carbofuran leached out from the soil column was greatest for CF8 (0n60 %), followed by CF7 (0n54 %) and CF5 (0n35 %).
The cumulative carbofuran residues in leachate from the soil columns treated with the different formulations showed that the greatest proportion of carbofuran leached through the columns was from the commercial formulation (52 %), followed by CF8 (4n5 %), CF7 (4n1 %) and CF5 (3n2 %) over a 30-day period. For all the formulations tested, the results indicated that leaching was faster from the sandy loam soil than that from the sandy clay loam by between 1n45 times for CF8 to 1n86 times for G10 % (Table 7) .
Carbofuran distribution in non-flooded sandy loam soil
The amount of carbofuran residues was higher in the top layer of the soil column for all four formulations and that amount decreased gradually with the depth of soil columns (Table 6 ). The carbofuran residues were lower in soil columns treated with the G10 % than in those treated with the controlled-release formulations. Among the three controlled-release formulations, CF8 released the largest quantity of carbofuran into the soil. The total amounts of leached carbofuran for CF5, CF7 and CF8 were 6n74, 7n79 and 9n51, respectively and these rates are approximately linearly proportional to the sodium alginate content.
The relative retention ratios of carbofuran in the two soils, sandy clay loam versus sandy loam were between 1n23 : 1 and 1n25 : 1 for CRF and 1n90 : 1 for 3n88  4n41  4n94  4n41  0n241  1n57  0n107  5-10  2n08  2n34  2n47  2n30  0n238  0n79  0n108  10-15  0n52  0n78  1n31  0n87  0n181  0n52  0n087  15-20  0n26  0n26  0n79  0n44  0n062  0n26  0n00008  Mean  1n68  1n95  2n38  2n00  0n090  0n79 Relative leachability ratio* sandy loam sandy clay loam
* Standard errors for the relative leachability ratios are based on a Taylor series expansion method and are approximate only. 
* Standard errors for the relative retention ratios are based on a Taylor series expansion method and are approximate only.
G10 % (Table 8 ). The proportional relationship between the release rate of the CR formulations and the amount of carbofuran retained in the 20 cm soil depth suggested that CF8 provided adequate amounts of carbofuran residues. Indeed, the CF8 carbofuran residues were between about 2 and 3 times greater than those from the G10 % in the sandy clay loam soil and sandy loam soil, respectively (Table 8) .
DISCUSSION
The results obtained in the present study show relatively similar effects of carbofuran formulations on carbofuran mobility in both soil types under flooding and dripping irrigation systems. The granular formulation released carbofuran into water quickly and this led to peak amounts of carbofuran detected in the leachate water after 3 days in the flooding system and after 9 days in the drip irrigation system with minimum detectable concentrations at 21 days after treatments. This could have been due to the rapid degradation of carbofuran, following its rapid release, by chemical hydrolysis, photolysis in water and by microorganisms in soil. The concentration of soluble carbofuran decreased as sorbed carbofuran increased, followed by loss of both soluble and sorbed carbofuran due to biodegradation at higher soil moistures (Shelton & Parkin 1991) . Also, in flooded water at high pH (soil pH l 7n9), carbofuran is known to be chemically unstable and undergoes rapid hydrolysis (El-Shoura et al. 1983) .
Rajukkannu & Sree- Ramulu (1984) found that the leaching of carbofuran was very rapid in red, black and alluvial soils ; the leachates containing 55, 36n5 and 41n5 % of the added carbofuran, respectively. In the present study the total amount leached from the G10 % treatment was greater than that from any of the three CRF treatments at the termination of the experiment and ranged from 28 % to 52 % of the original applied G10 % formulation in sandy clay loam soil and sandy loam soil, respectively. The difference between the leachability of carbofuran from the two soils tested can be attributed to a difference in the adsorption capacity of the two soils. Achik & Schiavon (1989) concluded that under field and laboratory conditions, the soil structure and its physico-chemical properties affected the adsorption of carbofuran and consequently affected its leachability. Also, the amount discharged may be a function of both the concentrations of carbofuran available from each formulation in water and the volume of water released.
The transport of carbofuran from alginate CR formulations to the soil columns is likely to be governed by a diffusion-dissolution or leaching mechanism. Although the actual mechanism of release has yet to be fully elucidated, it is postulated that the different release rates of alginate beads is due to the differences in the 3-dimensional networks of pores formed in alginate beads due to the differences of the sodium alginate content. Thus, the beads containing high concentrations of sodium alginate have higher water permeability, which increase the dissolution and diffusion of carbofuran from the beads to the soil columns. Also, the release rate from alginate beads is time dependent. This may explain the approximate linear trend effect for the percentages of carbofuran leached from the CRF in proportion to the different alginate concentrations in the rank order : CF8 CF7 CF5. This study has shown that alginate controlledrelease formulations are potentially suitable for reducing the environmental losses of carbofuran via leaching for the two tested soil types by controlling the rate of carbofuran transport through the soil to the underground water.
Most of the carbofuran released was confined to the top of the soil column in agreement with the results of Radder et al. (1989) who reported that carbofuran residue concentrations were highest in the top 7 cm of soil. The difference between the G10 % and CR formulations in the amount retained in the top 20 cm soil layer can be attributed to the difference in the release rate of carbofuran from the different formulations. This pattern is consistent with the rate of release of carbofuran from the three controlled release formulations and the G10 % reported previously (Soltan 1996) .
Comparing the mobility rate of carbofuran in the two soil types suggests that the adsorption capacity of the sandy clay loam soil was more than that of the sandy loam soil. The sandy loam soil has a higher sandy fraction content and a lower organic matter content than the sandy clay loam soil. Thus, this soil has less ability to retain carbofuran, as demonstrated by the amount of carbofuran residues found in leachate water and the amount retained in the top 20 cm soil layer.
Several interesting trends appear in the carbofuran leaching data. First, from the standpoint of environmental safety, CR formulations have the advantage of preventing, or at least retarding, the transport of carbofuran below the top 20 cm of soil. Second, it is clear from these data that alginate CR formulations will increase the soil concentration of carbofuran by restricting its mobility, particularly in the plant root zone. This is important for the achievement of adequate control of insect or\and nematode pests when using soil systemic pesticides (Ramanand et al. 1988) . These results are in agreement with those found by Shelton et al. (1993) who reported that loss of efficacy was due to the rate of granular leaching\dissolution, causing carbofuran concentrations to fall below the lethal threshold needed for root worm control. Also, Achik & Schiavon (1989) stated that, under field conditions, the LC50 value was found to be 1n96 mg\kg against Folsomia candida in clay loam soil compared with 0n69 mg\kg in sandy loam soil.
In summary, an alginate matrix incorporating carbofuran and filler materials such as kaolin and sawdust, slows the rate of release of carbofuran and causes a decrease in the environmental loss of carbofuran via leaching. This in turn may decrease
